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S1. Comparison of R2/WT and R2/G273C-SL 
 

The mass spectra of R2/WT and R2/G273C-SL in acetate buffer (Figure S1) obtained for 

fresh samples show only a small difference between the two peptides. It can be seen that, along 

with the ATD data shown in the paper for R2/WT at m/z = 469 and 705, there is also a dimer 

contribution (n/z = 2/3) arising at m/z = 940. This peak is very minor in the mass spectrum for 

R2/G273C-SL. This difference between the two peptides is considered insignificant as it only 

suggests that the dimer population for the R2/WT peptide is separated into two charge states (+3 

and +4) as opposed to only one in R2/G273C-SL. Also, it should be noted that there are several 

more unresolved peaks in the mass spectrum of the peptide in sodium phosphate buffer. This 

observation is due to phosphate buffer ions forming adducts with the parent peptide, leading to 

the presence of several new peaks with different m/z values. Therefore, it is concluded that there 

is no significant difference between the R2/WT peptide and the mutated form R2/G273C-SL and 

will treat further data such that observations observed with R2/G273C-SL is a good model for 

how R2/WT behaves. 



S3 

 

 

Figure S1 ESI-q-mass spectra of R2/G273C-SL and R2/WT dissolved in water (A and D 

respectively), 20 mM ammonium acetate buffer pH = 7.0 (B and E respectively) and 20 mM 

phosphate buffer pH = 7.0 (C and F respectively). 
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Figure S2. ESI-q-mass spectrum of 500 µM C-MTSL in water. The cross section of [C-

MTSL]
1+

 was obtained from measuring the ATDs at 306 m/z.  

Theoretical structure of C-MTSL was obtained in two stages. In the first stage, B3LYP/ 

6-31G** calculation using ROHF wavefunction available from the GAMESS package
1-2

 was 

performed on the C-MTSL system in which the two termini are blocked with two methyl groups 

so that the correct partial charge on the MTSL probe could be obtained. In the second stage, the 

optimized geometry and partial changes are input in a two-stage charge fitting using the R.E.D. 

(RESP ESP charge Derive) package
3
 so that the whole unit is a modified amino acid with 

consistent partial change and geometry.  

Theoretical cross section was obtained from the trajectory method (TJ) available from the 

Mobcal package
4-5

 and the projected approximation method (PSA) available at 

http://luschka.bic.ucsb.edu:8080/WebPSA/.
6-7

 Because both of the methods do not treat the structure 

as a radical, the obtained cross section would neglect any potential interactions between the 

radical with the buffer gas, yielding the predicted cross section for a protonated system.  

http://luschka.bic.ucsb.edu:8080/WebPSA/
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Discussion on n/z = 1/3 peak of the R2/G273C-SL: 

The ATD of R2/G273C-SL peptide (Figure 3C, main text) displays more complex 

features than the ATD of the WT (m/z = 469, Figure 3A). The n/z = 1/3 ATD of the R2/G273C-

SL peptide contains a dominant feature with a cross section very similar to that of the R2/WT (σ 

= 338 Å
2

 vs. 336 Å
2
) if assigned to be a monomer. This is unexpected as adding a MTSL label 

should significantly increase the cross section assuming the WT and R2/G273C-SL peptide 

adopt similar monomer conformations. A possible explanation to assigning this feature as a 

monomer is that the m/z=546 population may contain both protonated and radical monomers, in 

which the latter species interacts more strongly with a buffer gas resulting in a shorter mobility. 

A previous IMS study by Laakia et al showed that both 2,6-Di-tert-butyl-4-pyridine and 2,6-Di-

tert-butyl-4-methylpyridine radical ions [M]
+·

 have lower mobilities than protonated [M+H]
+

 (the 

m/z difference between the two types of species is 1 m/z or less).
8
 Two additional experiments on 

the cysteine-MTSL complex were performed to investigate the effect of MTSL radical ion on the 

cross section. In the first experiment, a combination of IMS and DFT calculation reveals that the 

cysteine-MTSL (see Figure S2) has a smaller experimental collision cross section (σ = 99 Å
2
) 

than theoretical prediction (σav = 109 Å
2
) suggesting the presence of the radical reduces the cross 

section of the ion. In the second experiment, we investigate the same mass spectral peaks of two 

additional peptides, namely R2/I278C-SL and R2/L284C-SL. In the first peptide, the probe is 

placed in the middle region and is less exposed than for R2/G273C-SL and R2/L284C-SL (the 

MTSL probe is at the N and C-termini of these two peptides, respectively). Ion-mobility studies 

of the n/z = 1/3 mass spectral peaks reveal that the shortest arrival time feature is dominant in the 

cases of R2/G273C-SL and R2/L284C-SL, but its intensity is significantly reduced for the 



S6 

 

R2/I278C-SL peptide (see Figure S3). Therefore, we assign this feature as a monomer rather than 

a dimer. 

 

 

Figure S3. Representative ATDs of the n/z = 1/3 mass spectral peaks of the three mutants. Each 

feature is annotated with n/z and experimental cross section (σ, Å
2
) 

S2. Effect of Osmolytes on Oligomeric State and Aggregation Propensity 

Figure S4 shows EPR spectra of R2/G273C-SL before aggregation in the absence of 

osmolytes and in the presence of 4.4 M urea or 2 M TMAO. It can be seen there is very little 

change in the EPR spectrum when 4.4 M urea is added compared to that of the peptide dissolved 

only in ammonium acetate buffer suggesting the spin label remains relatively mobile. However, 

when the peptide is dissolved in 2 M TMAO, we see a significant drop in the EPR spectrum 

which is likely caused by dipolar broadening arising from the formation of oligomers and 

aggregates. 
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Figure S4. EPR of R2/G273C-SL before heparin addition in 20 mM ammonium acetate buffer 

(pH = 7.0) in the presence or absence of 2 M TMAO or 4.4 M urea. 

S3. Buffers Modulate R2/G273C-SL Oligomer Formation 

Here we report on the effect of dissolving R2/G273C-SL in different buffers including 

ammonium acetate buffer, sodium phosphate buffer, and water. We used IM-MS, ODNP, EPR, 

TEM, and ThT assay to characterize the differences between the solvents. Before the addition of 

heparin, EPR shows the spin label is mobile and solvent exposed in all three solvent conditions 

as depicted by the sharp lineshape shown in figure S5. 
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Figure S5. EPR of R2/G273C-SL dissolved in either pure water, 20 mM ammonium acetate 

buffer (pH = 7.0), or 20 mM phosphate buffer (pH = 7.0)  before the addition of heparin. 

As seen in Figure S1, the mass spectrum for each of the buffer conditions before adding 

heparin is very similar. In comparing the spin labeled peptide, there is only a slight difference in 

the fact that for water and sodium phosphate buffer, the peak corresponding to n/z = 1/3 is more 

abundant than n/z = 1/2 whereas the opposite is true for acetate buffer. Figure S6 shows the ATD 

data at n/z = 1/3 and 1/2 for all three solvent conditions. It can be seen that for R2/G273C-SL 

there is a slightly different distribution of conformations for n/z = 1/3. More importantly, it can 

be noticed that ammonium acetate buffer and sodium phosphate buffer appear to stabilize the 

extended (native) conformation of the peptide. On the other hand, for the ATD of n/z = 1/2, the 

peptide dissolved in water and ammonium acetate buffer behave very similarly such that they 

both contain monomer with a +2 charge as well as a more abundant dimer peak with a +4 charge, 

while the peptide dissolved in sodium phosphate buffer only has a dimer population with a +4 

charge.  
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Figure S6. Representative ATDs at n/z = 1/3 and n/z = 1/2 of R2/G273C-SL. Solvents appear to 

have a small effect on the oligomer distributions of R2/wt in which the +4 extended dimer is 

more favored in buffer than in water. Similar effects are observed in the mutant, where the 

extended (more native) +3 monomers are preserved and the population of the +4 extended dimer 

is higher in buffer than in water. 

There is a clearer difference between the three solvent conditions upon the addition of 

heparin to aggregate the peptide. Data for the peptide with heparin dissolved in ammonium 

acetate buffer is shown in Figure 6 (in the main text). Figure S7 shows R2/G273C-SL with 

heparin dissolved in water and sodium phosphate buffer. When the peptide is dissolved in water 

and induced with heparin, the signature of the peptide appears at t = 0 and does not change 

through 2 hours. Furthermore, ATD data shows no shift in oligomeric state upon aggregation. 

The data suggest a slow kinetics of aggregation in this condition. In the presence of sodium 

phosphate buffer, the mass spectrum shows a monomer peak as a signature of the peptide as well 

as a rising baseline which is indicative of the formation of aggregates. The signature peak 
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remains after 30 minutes but after 1 hour, the peak completely disappears and only unresolved 

large oligomers are detected at high m/z values in the mass spectra. The ATDs under this 

condition populate multiple features as a result of adduct ions falling apart, leading to the 

formation of additional features with different mobility. Hence we cannot unambiguously assign 

any new features to new oligomers. However, the overall ATDs suggest the protein signatures 

(the features corresponding to monomer and dimer at n/z = 1/2) quickly disappear as a result of 

fast aggregation kinetics. Overall, IM-MS data shows that R2/G273C-SL dissolved in 

ammonium acetate buffer and sodium phosphate aggregates very well while the same peptide 

dissolved in water appears to not form any aggregates at 50 µM concentration. Furthermore, the 

rate of aggregation in sodium phosphate buffer appears to be accelerated compared to 

ammonium acetate buffer, in that aggregates are observed in sodium phosphate buffer 

immediately after heparin addition, whereas aggregates are not observed in ammonium acetate 

buffer until 1.5 hours after heparin addition. 
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Figure S7. ESI-q-mass spectra and representative ATDs of 50 M R2/G273C-SL in the 

presence of 12.5 M 6 kDa heparin in water and phosphate buffer (pH = 7.0). The aggregation 

occurs instantly in phosphate buffer but slows down in water. The observation of weak 

aggregation in water is consistent with our previous study on R2/WT, which shows similar 

results when comparing water with acetate buffer. 

Table S1 shows ODNP reference measurements of 4-hydroxy Tempo in a variety of 

different buffers which are used in this paper. Measurements for acetate vs. water vs. phosphate 

show no discernable differences in kwhich means that any major changes in k for R2/G273C-
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SL are strictly due to changes in peptide conformation/population. Reference measurements in 

the presence of urea and TMAO are much slower as expected, due to increased solvent viscosity. 

 

Buffer 

Condition 
Acetate Water Phosphate Urea TMAO 

k 
56.6 ± 0.5 

s
-1

M
-1

 

63.9 ± 0.4 

s
-1

M
-1

 

67.2 ± 0.3 

s
-1

M
-1

 

33.4 ± 0.4 

s
-1

M
-1

 

31.5 ± 0.4 

s
-1

M
-1

 

 

Table S1. ODNP reference measurements of 4-hydroxy Tempo dissolved in 20 mM ammonium 

acetate buffer (pH = 7.0), 20 mM phosphate buffer (pH = 7.0) or pure water. Also, reference 

measurements are shown for added osmolytes which are dissolved in 20 mM ammonium acetate 

buffer (pH = 7.0) and either 4.4 M urea or 2 M TMAO. 
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